Substituted phases with the composition La 5 Mo 4؊x T x O 16؊ (T ‫؍‬ Co, Fe, Mn, and Mg and x&0.7) were prepared by fusedsalt electrolysis and/or conventional solid-state methods. The crystal structure of the parent compound, La 5 Mo 4 O 16 , contains perovskite-like corner-sharing MoO 6 octahedral units in the ab plane separated by Mo 2 O 10 bioctahedral units along the c direction. Detailed single-crystal X-ray di4raction studies on the Co-substituted phase, La 5 Mo 3.31 Co 0.69 O 16؊ , indicated that the unit cell is triclinic (space group C-1) with Co exclusively replacing Mo atoms in the perovskite layers. X-ray absorption measurements revealed that the transition metal ions are divalent, consistent with the crystal structure analysis. The anomalous magnetic transition observed at 180 K in the parent compound shifts to lower temperatures upon substitution with transition metal ions. No long-range magnetic order was evident in the Mg 2؉ -substituted compositions. The electrical resistivity of all the substituted phases was at least 3 orders of magnitude higher than that of the parent compound. Variations in the magnetic and electrical properties have been ascribed to the disruption of exchange correlations caused by substitutional disorder at the Mo sites. 2002 Elsevier Science (USA) 
Mo O -like crystals at the cathode. Since we were interested in potentially colossal magnetoresistive materials that might be produced at the anode and because La Mo O would not be an unexpected reduction product, the observation was not pursued further until Wiebe et al. ' s report (4) . A careful analysis of the powder X-ray di!raction pattern (XRD) of this cathode product revealed an apparent modi"cation of the parent compound, indicating that some Co substitution had probably taken place. A chemical analysis of the crystals indicated a chemical formula close to La Mo Co O . However, the analysis was complicated by the fact that Co metal inclusions were present in most of the crystals, indicating that the actual amount of Co substitution into the crystals would be somewhat lower. This was con"rmed by the results of a single-crystal structural analysis presented below. We have also examined the possibility that Co> may be replaced by other divalent metals with solid-state reactions and found that this was also possible for Mg, Fe, Mn, and Ni. Data regarding the magnetic properties of these phases along with supporting X-ray absorption spectra (XAS) for transition metal valence assignments are also presented.
EXPERIMENTAL

Synthesis and Chemical Analysis
All reagents used in these experiments were of reagent grade or 99.99% purity except the MoO which had been obtained from RIC-ROC and was about 15 years old. This once pure material had undergone slight oxidation in the intervening years and its recent XRD pattern showed several lines corresponding to Mo O , in addition to several very weak unidenti"ed lines. It could be rendered pure to X rays by treatment in hot, 1 F NaOH for several hours, washing by decantation, and being allowed to stand at room temperature in 0.5 F HCl overnight before "ltering and washing with water, dilute NH OH, water, and acetone. MnCO was prepared using standard methods by precipitation from solutions of manganese (II) The general details of the fused-salt electrolysis (FSE) method used here have been described previously (5, 6) . The successful synthesis of crystals of a cobalt-substituted phase was accomplished using a melt prepared from a 35-g mixture with the initial molar composition Na MoO :MoO : La O :CoCO "2.60:1.00:0.350:0.015}0.025. The mix was contained in a 25-ml Vesuvius yttria-stabilized zirconia crucible. The electrolyses were carried out at 980}10003C with Pt electrodes for periods of 2}24 hours employing currents of 20}35 mA. The initial runs produced small quantities (several milligrams) of an unidenti"ed needle-like, cobalt-containing product but eventually, the desired platelike crystals grew at the cathode in yields of approximately 0.1}0.2 g per overnight run. These were freed from the matrix by washing with a warm solution containing 5% and 2% by weight of potassium carbonate and ethylenediaminetetraaceticacid, respectively. The crystals ranged in size from 0.1 to 2.0 mm on edge and most contained either a sparse, thin, granular coating of Co or occasional inclusions of Co "bers. When approximately half of the initial Co had been removed from the melt (as judged by subsequent chemical analysis), the production of crystals on the cathode 
Physical Measurements
X-ray di+raction. Powder X-ray di!raction studies were carried out with a Rigaku D-Max2 system on a horizontal goniometer that employed graphite-monochromatized CuK radiation. Mo was used as an internal standard for data used for measurements of lattice parameters which were re"ned by a least-squares method (7) .
Single-crystal X-ray di!raction data for a cobalt-substituted crystal of La Mo O were collected on a Nonius CAD4 di!ractometer with graphite-monochromatized MoK ( "0.7107 A s ) radiation. The three check re#ections measured every hour showed less than 1% intensity variation. The data were corrected for Lorenz e!ects and polarization as well as absorption, the latter by a numerical method (8) . The unit cell parameters were determined from 25 centered re#ections in the range 11.43(2 (14.63 (7) and are given in Table 1 .
At "rst, and were observed to be &90.003, and the crystal symmetry appeared to be monoclinic as reported for La Mo O . However, averaging of re#ection data collected in the complete sphere to the limit "303in the 2/m Laue symmetry did not yield an acceptable R . Subsequent re"nement of the triclinic model initially based upon the reported atomic coordinates of La Re MnO , with a twinning mirror perpendicular to the crystallographic b axis and a 0.528:0.472(2) ratio of twin components, gave suitable results (see Table 1 ). All atom coordinates, anisotropic displacement parameters, as well as the twin, overall scale and equivalent isotropic extinction factors were re"ned with full-matrix least-squares methods (9) . The third Mo atom site (Mo(3) in Table 2 ) was best modeled with a 0.687:0.313(9) mixture of Co and Mo, respectively. The other two Mo sites were completely occupied with Mo atoms. All La sites were found to be fully La (1) 2260 (1) 7490 (1) 8018 (1) 9 (1) 1.0 La (2) 2249 (1) 2610 (1) 7947 (1) 8 (1) 1.0 La(3) 5000 5000 5000 8(1) 1.0 Mo (1) 603 (1) 4991 (1) 3931 (1) 4(1)
2850 (3) 5010 (6) 3248 (2) 6(1)
718 (4) 37 (7) 1768 (3) 11 (1) 1.0 O (5) 399 (5) 7352 (5) 3605 (3) 7 (1) 0.959(19) O (6) 428 (5) 2640 (5) 3613 (3) 8(1) (8) 2392 (4) (6) 1.898 (4) Mo (1)}O (5) 1.910(4) Mo (1)}O (1) 1.972 (3) Mo (1)}O (2) 1.983(2) Mo(1)}O (1)C2 2.054 (2) Mo (1)}O (3) 2.164(3) Mo (1)}Mo (1)C2 2.4920(5) Mo (2)}O (4) 1.869 (3) Mo (2)}O (4)C11 1.869(3) Mo(2)}O (7)C11 2.008(3) Mo(2)}O (7) 2.008(3) Mo(2)}O (8)C11 2.018 (3) Mo (2)}O (8) 2.018(3) Co(3)}O (3) 2.041(3) Co(3)}O(3)C12 2.041(3) Co(3)}O (7) 2.050(3) Co(3)}O(7)C12 2.050(3) Co(3)}O (8)C13 2.116(3) Co(3)}O (8)C14 2.116 (3) O (6)}Mo (1)}O (5) 158.61(11) O(6)}Mo (1)}O (1) 100.66 (17) O (5)}Mo (1)}O (1) 100.63(17) O(6)}Mo (1)}O (2) 90.05 (17) O (5)}Mo (1)}O (2) 89.70(17) O(1)}Mo (1)}O (2) 85.28 (10) O (6)}Mo (1) Symmetry transformations used to generate equivalent atoms:
occupied. The occupancies of the O atoms were re"ned, and only atom O(7) was found to signi"cantly di!er (e.g., above the 3 level) from unity, at 0.92 (2) . Crystallographic data and "nal R indices for La Mo Co O are given in Table 1 . Atomic coordinates, equivalent isotropic displacement parameters, and site occupancies are given in Table 2 . Selected bond distances and angles are given in Table 3 .
Magnetic properties. DC magnetization measurements of randomly oriented single crystals were carried out with a Squid magnetometer (Quantum Design, MPMS). AC/DC magnetization and their "eld dependence of the polycrystalline samples were recorded with a Quantum Design physical property measurement system (PPMS). For AC measurements a frequency of 1000 Hz and an amplitude of &10 G were applied. Data were recorded at various temperatures in the interval 1.5}400 K at applied magnetic "elds in the range 0.1}9 Tesla. Corrections due to the core diamagnetism of the constituent ions were not applied in view of their negligible contribution relative to the total moment.
Electrical properties. Electrical resistivity of La
Mo Co O single crystals was measured in a four-probe con"guration with the current parallel to the ab plane. Ohmic contacts were made by attaching "ne copper leads to the crystal with silver paint.
X-ray absorption spectroscopy (XAS)
accuracy of about 0.1 eV. The spectral data were treated by subtracting the linear energy-dependent background before the edge, yielding a constant average absorption coe$cient step 100 eV above the edge. As is conventional, this absorption coe$cient step was normalized to unity. The results of the chemical analysis of the cobalt-containing crystals showed the metals to be in the molar ratios La:Mo:Co"5.00:3.26:0.74. However, since the crystals were contaminated with a small amount of Co metal, the true Mo:Co ratio in the compound must be somewhat higher. In addition, there is some evidence that Co may replace Mo over a range of compositions. This appears to be born out by the results of the occupancy re"nements in the single-crystal X-ray di!raction study, which yielded a probable chemical formula of La Mo Co O , and we therefore chose this as the best representation of the composition of the crystal used here.
RESULTS AND DISCUSSION
Structural Properties
Although the oxygen nonstoichiometry in the cobalt compound is small and, from a di!raction point of view, barely signi"cant, it would seem from a valence point of view to be essential. In La Mo O a bond valence analysis showed that Mo(2) and Mo(3), which are found in the perovskite-like layers, are predominantly penta-and tetravalent, respectively, while the Mo(1) atoms, which are strongly bonded to each other in the insulating Mo O clusters, are tetravalent. Given the low-valent nature of the Mo ensemble, it would be expected that the Co, which substitutes solely in the Mo(3) sites, would not have a valence higher than two. If there were no other valence changes, then an oxygen de"ciency of 0.7 per formula unit would be required for a Co content of 0.69. That this is not seen is the result of a compensating increase in the average oxidation state of the Mo (1) While the increase in this bond distance itself can be interpreted as evidence for an increase in average Mo oxidation state, a better indication of its magnitude is given by a bond valence analysis of the metal oxygen bonds as suggested by Brown and Wu (10). The results of such an analysis show that the average oxidation state for Mo(1) is 4.47#. That for Mo(2) is found to be 4.76#, reasonably close to the expected value of 5#. The Mo(3) site, which is predominately occupied by Co, has an average oxidation state of 2.55#, 1.53# coming from Co and 1.02# coming from Mo. The oxidation states for La(1), La(2), and La(3) are calculated to be 2.97#, 3.12#, and 2.91#, respectively, provided all the La}O bonds listed in Table 3 that are less than 3.25 A s are used in the calculations. If distances greater than 3.11 A s are ignored for La(2), the value would drop to 2.81#. Thus, by assigning oxidation states of 3.0#to all La, 4.5# to the cluster Mo(1), pentavalence to Mo(2), tetravalence to Mo(3), and divalence to the Co, we arrive at the chemical formula La Mo Co O , whose oxygen content is in remarkable agreement with the X-ray result.
XAS
Further evidence for the assignment of divalence to the Co comes from XAS measurements. Measurements of the Co-K-edge for La Mo Co O along with elemental Co and Co>, Co>, and &&4#'' standard compounds are shown in Fig. 5 . Note the coincidence between the Co> standard and the Mo compound spectra at the edge-onset energy (see box 1 in the "gure) and the steeply rising portion of the edge energy (box 2). This coincidence clearly supports a Co> state in the Mo compound.
The top portion of Since our attempts to prepare other 3d-substituted transition metal phases by FSE were unsuccessful, we thought it would be worthwhile to see if other substitutions could be e!ected using solid-state reactions. This was done while the crystal structure determination on the Co compound was in progress and, because we were not aware of Mo T O , the impurity lines were weaker and in the case of the Co compound, it appeared to be &&X-ray pure''. However, this latter phase was ferromagnetic and contained Co metal as did all Co phases, which we attempted to prepare in this fashion. When Mg was used as the substituent, signi"cant amounts of La Mo O were seen in the XRD for both compositions. In the case of the Ni-containing phases, La
Mo O appeared to be the major constituent and the presence of Ni metal was clearly evidenced, both visually and by its strong ferromagnetism. Subsequently, based upon the results of the single-crystal analysis of the Co compound, we also used solid-state reactions to investigate compositions at or near La Mo T O . In the cases of the Mn, Fe, and Co preparations, the phases were X-ray pure (although the Co compound was magnetic) while the Mg compound showed only one very weak impurity line in its XRD pattern. The preparation with Ni was still highly impure as indicated by both its magnetism and XRD. The variations in unit cell volumes for the various phases of a particular ¹> ion would seem to indicate that some range of solid solution exists particularly for the phases containing Co> and Fe> (Table 4) . It is not clear, however, whether this variation is associated with the variation of the ¹> ion content or the oxygen content or both. Clearly, further investigation is warranted. (11) . Since the ¹ metal substitution increases the relative amount of Mo(V) present in supposedly the same amount in all phases, one might expect that the volume trends would track the ¹> ionic sizes. For the most part this appears to be more or less true except for the iron phase whose unit cell volume is anomalously low. One possible explanation could be that a portion of the iron is present in the trivalent form.
Electrical Properties
The electrical resistivity of La Mo Co O increases exponentially with decreasing temperature, which is indicative of semiconducting behavior, as shown in Fig. 9 . The resistance of the sample below 110 K reaches 1.6;10 ohm, which is above the detection limit of our electronics used for the measurement. The room temperature resistivity of the Co-doped sample (1.4;10 ohm-cm) is, however, considerably higher than the corresponding value of 8.3.; 10\ ohm-cm observed for the undoped La Mo O (2). Qualitative two-probe resistance measurements indicated that all the substituted samples display similar resistance values at room temperature and hence no attempts were made to record their temperature dependence. The higher resistivity of the doped samples can be attributed to the disorder-induced localization of electrons due to the partial substitution of transition metals at the Mo(3) site.
Magnetic Properties
The magnetization data of randomly oriented single crystals of La Mo Co O in the temperature range 2}400 K is shown in Fig. 10 . As can be seen, the magnetization shows a sharp increase below 100 K and shows a maximum &70 K. The observation of a maximum in the magnetization is also seen in the undoped La Mo O crystals (see Fig. 4) , however, at a somewhat higher temperature (&180 K). The AC and DC magnetic susceptibilities of Fig. 11 . The AC susceptibility shows a peak in the vicinity of &100 K (suggestive of antiferromagnetic order) somewhat higher than that observed for the randomly oriented single crystals (Fig. 10) , while the DC magnetization shows a sharp increase below 100 K followed by a saturation-like behavior at lower temperatures. It should, however, be remarked that the AC studies were carried out at much lower applied "elds (10 G) compared to the DC measurement and hence the observed di!erences in their magnetization pro"les may well point to metamagnetism. The nearly temperature-independent susceptibility in the range 100}200 K in AC and DC measurements of the sample may be explained in terms of the presence of a small amount of elemental Co particles which are ferromagnetic.
In an e!ort to discern the true magnetic behavior of the samples, we have subtracted the contribution of Co metal particles by recording M}H loops at various temperatures. Assuming that the Co metal has a nearly constant ferromagnetic contribution in the temperature 2}400 K (¹ of Co is &7003C, saturation moment is 7600 G), we have applied the correction to our DC susceptibility data and replotted it in Fig. 12 . Following this correction, the data now appear to conform to Curie}Weiss behavior. However, a close inspection of the inverse susceptibility vs temperature plot reveals a small but noticeable deviation from ideal Curie}Weiss behavior at &200 K, which might arise from domains corresponding to the parent composition because of the incomplete substitution of Co at the Mo(3) site.
The Mo O samples show features similar to those observed in the Co-doped composition; however, the maximum in the susceptibility varies with the dopant (for example, the Fe>-substituted samples display a maximum at &142 K, while the Mn> samples show a maximum at &110 K). As expected the Mg>-doped samples are weakly paramagnetic with no evidence of long-range magnetic order. A small kink in the magnetization data of Mg> samples at &180 K might be related to the presence of domains within the sample whose composition is similar to the pure La Mo O . This is to be expected because only 70% of the Mo(3) is replaced by Mg>.
Unlike the cobalt-substituted compounds, which are always contaminated with small amounts of ferromagnetic cobalt metal (both by solid-state and fused-salt electrolysis methods), samples containing Mn, Fe, and Mg did not show the presence of ferromagnetic impurities.
The "eld dependence of the magnetic anomaly observed in all the compositions studied here seems to indicate the presence of anisotropic metamagnetism wherein the inplane (ab) correlations are ferromagnetic while the exchange correlations between the net moments of the successive ab planes are antiferromagnetic. In our earlier communication (2), we proposed a qualitative schematic of the 4d electronic density of states in Mo O , according to which the four electrons of Mo O unit are paired and stabilized in the bonding and orbitals. Thus, the magnetic properties in this compound arise primarily from the in-plane Mo(2)}O}Mo(3) interactions which are predicted to be ferromagnetic. The observation of long-range magnetic order can be explained by invoking one of the two possibilities: (i) extended interactions between the moments of ab planes via the electrons of the Mo O bridge or (ii) exchange inversion taking place in the ab plane below ¹ , . Although the former is favored in the interpretation of the magnetic behavior of Mo O , it may not adequately account for the magnetization behavior of doped samples for two reasons: (i) Mo(2)}O}Mo(3) interactions are complicated by the presence of substitutional disorder at Mo(3) by the transition metal ions, (ii) partial oxidation of the Mo O unit results in a longer separation between Mo(1) atoms of the cluster. To address these issues further, we are currently examining the e!ect of compositional changes, in particular the ¹/Mo ratio and the oxygen nonstoichiometry on the overall magnetic properties of these phases. Nevertheless, detailed measurements of angle-dependent magnetization and neutron di!raction studies would be necessary to clarify the nature of interesting magnetic order observed in these systems.
